X-ray diffractometry (XRD) with Rietveld refinement was applied to the crystalline phase analysis of two certified standard sintered ores (JSS 851-2 and JSS 851-5) and an industrial sintered ore (SO-1). An eskolaite (Cr 2 O 3 ) powder was mixed at 10 mass% with each sintered ore sample as an internal standard to correct for the effect of amorphous phase and unknown crystalline phases. The results of Rietveld refinement for JSS 851-2 were 23.0 mass% hematite, 29.5 mass% magnetite, 39.8 mass% silico ferrites of calcium and aluminum, 5.6 mass% dicalcium silicate, and 2 mass% amorphous phase, and these values are within the range previously reported for its phase composition. The elemental concentrations calculated from the crystalline compositions using Rietveld refinement of the three sintered ore samples were also in good agreement with the certified values and those from X-ray fluorescence analysis. A calibration curve method and a diffraction-absorption method for crystalline phase quantitation were used to validate the results of the powder XRD/Rietveld method, and the three results agreed well. The present method enables reliable determination of not only the major crystalline phases but also the amorphous phase present in the sintered ore.
Introduction
Low-grade iron ore powders with particle sizes less than 1.0 mm are becoming more frequently used as feedstock for blast furnaces owing to the depletion of high-grade iron ore. 1) However, low-grade powder is generally unsuitable as a feedstock owing to its tendency to scatter and clog the blast furnace with the application of a reducing gas. As a result, low-grade powders are often agglomerated or sintered to prevent this scattering. The sintering of powdered ores is usually performed by homogeneous mixing of the fine iron ores with auxiliary materials, such as limestone and coke, and heating of the mixture at ca. 1 300 K for several minutes. The materials produced, termed "sintered ores," have sufficient physical strength to resist the high pressures and temperatures experienced in a blast furnace. At present, sintered ores account for ca. 80% of the raw materials used in iron manufacture. [2] [3] [4] Iron manufacture requires an enormous amount of energy because of the need for high temperature and pressure. In addition, the process exhausts large quantities of carbon dioxide because carbon monoxide is often used to reduce the ferric oxide in the iron ore. The amount of carbon dioxide produced by this process is the highest of all the manufacturing industries.
5) Thus, quality control analyses of the raw material are very important so as to reduce the energy consumption and carbon dioxide exhaust of the process. The quality of the sintered ore depends on the crystalline phase composition rather than the elemental composition because the crystalline composition governs physical properties, such as density, hardness, and reducibility. 6) Therefore, the measurement of crystalline compositions in analyses of sintered ores is vital for quality control.
The analysis of composition for the quality control of sintered ores has been extensively investigated in previous studies, with various types of sintered ore being synthesized, and the crystalline phases being identified by optical microscopy, electronic probe microanalysis (EPMA), or scanning electron microscopy with energy dispersive X-ray spectrometry (SEM-EDS). For example, using optical microscopy, Zhang et al. 7) revealed the influence of the alumina-silica ratio and basicity on the structure of the silico-ferrite of calcium and aluminum (SFCA) in low-silica sinter, and Wang et al. 8) reported the influence of sintering temperature, basicity, and MgO content on the mineral composition of low-silicon sinter. Furthermore, Shen et al. 9) revealed the melting characteristics and wettability of the binding phase in high-basicity sinter using EPMA, and Wang et al. 10, 11) determined the crystalline composi-tion of calcium ferrite in sintered ore by the same method. Tonzetic and Dippenaar 12) developed a method for analyzing crystalline composition (magnetite, hematite, calcium ferrite, SFCA, calcium silicates, and glass) by SEM-EDS, which is referred to as quantitative evaluation of minerals by scanning electron microscopy (QEMSCAN ® ). Using optical microscopy and EPMA, Patrick and Lovel 13) determined the crystalline composition (hematite, magnetite, ferrites, glass, and C 2 S) of iron ore sinter, reporting that phosphorous was greatly concentrated in the crystalline phase of dicalcium silicates. However, analyses by these procedures require a long time in order to obtain the average crystalline phase composition values because the analysis area in these methods is extremely small. Furthermore, the discrimination of crystalline characteristics is difficult using these methods as the crystals in sintered ores are composed of complex solid solutions.
X-ray diffractometry (XRD) is useful for the determination of the crystalline phases in solid samples. In particular, powder XRD combined with Rietveld refinement 14) is a useful technique for the multiphase quantitation of solid solutions without the need for calibrating standards. Hill and Howard 15) developed a method for quantitative phase analysis with Rietveld refinement, in which the relative weight fractions of crystalline phases in a multiphase sample are calculated from scale factors of the respective diffraction intensities.
The concentrations of the crystalline phases and amorphous phase may also be calculated simultaneously when an internal standard method is used. Furthermore, XRD/ Rietveld refinement is a more convenient method than other XRD determination techniques, such as the calibration curve method or the standard addition method.
16) The biggest advantage of Rietveld refinement is that it does not require reference materials to determine the crystalline composition of a material, as the refinement is performed using only the XRD pattern of the sample and known crystal structure parameters.
Sintered ore samples have been measured using XRD/ Rietveld refinement in a number of studies. Scarlett et al. 1) used it to analyze iron oxides, ferrites, and silicates, among others, and Webster et al. 17) used it to assay ferrite phases. Jeon et al. 18) 19) used it to analyze minerals such as magnetite, hematite, wustite, larnite, quartz, hedenbergite, srebrodolskite, and other. However, these analyses may suffer from decreased accuracy because no internal standard materials were used, and performing XRD/Rietveld refinement without internal standards can lead to erroneous results, as the amorphous phase cannot be accurately determined owing to its lack of structural parameters. Thus, in our study, we selected the most appropriate internal standard for XRD/Rietveld refinement for sintered ores to quantitatively determine all the major components, including not only the crystalline phases (hematite, magnetite, SFCA, and dicalcium silicate) but also the amorphous phase.
In this study, a method for the determination of crystalline and amorphous phases in sintered ore using XRD combined with a Rietveld refinement/internal standard method was developed. The following factors were addressed: (1) crystalline phase identification of sintered ores using magnetic separation/XRD, (2) selection of the internal standard material for XRD/Rietveld refinement, (3) determination of the crystalline composition of sintered ores with Rietveld refinement, and (4) validation of the proposed method by comparison of its results with those from a calibration curve method, a diffraction-absorption method with XRD, and X-ray fluorescence analysis (XRF).
Materials and Methods

Sintered ore Samples
Two Japanese steel standards (JSS851-2 and JSS 851-5), which are certified reference materials issued by the Japan Iron and Steel Federation (JISF), and an industrial sintered ore (SO-1) were used in this study. The SO-1 was ground with an agate mortar and pestle for 10 min. Prior to XRF, the powdered samples were dried at 110°C for 24 h in a drying oven (DSR-113; Isuzu Seisakusho Co. Ltd., Japan).
Reagents for Standards
Reagents for powder XRD must exhibit high crystallinity. In this study, we used the following guaranteed grade or equivalent reagents: NaCl for halite (Junsei Chemical Co., Ltd., Japan), Al 2 O 3 for corundum (Junsei Chemical Co., Ltd., Japan), SiO 2 for quartz (Kanto Chemical Co., Inc., Japan), KBr for potassium bromide (Junsei Chemical Co., Ltd., Japan), MnO 2 for pyrolusite (Junsei Chemical Co., Ltd., Japan), Fe 2 O 3 for hematite (Junsei Chemical Co., Ltd., Japan), Fe 3 O 4 for magnetite (Wako Pure Chemical Industries, Ltd., Japan), and Cr 2 O 3 for eskolaite (Kanto Chemical Co., Inc., Japan). Hematite and magnetite were used for the preparation of calibration standards and test mixtures intended to mimic sintered ore. The other reagents were candidate internal standard materials for XRD/ Rietveld refinement of sintered ore. Halite and potassium bromide were finely pulverized with an agate mortar and pestle. The crystalline purities of all the chemical reagents were determined by powder XRD/Rietveld refinement, and each diffraction intensity was corrected by the crystalline purities according to a previously reported method. 20, 21) For example, the crystalline purities were measured as follows: hematite, 98.7%; magnetite, 94.0%; and eskolaite, 92.3%.
For XRF, the following guaranteed grade reagents were used to synthesize the calibration standard set: MgO (for Mg), Al 2 O 3 (for Al), SiO 2 (for Si), CaCO 3 (for Ca), and Fe 2 O 3 (for Fe). These reagents all exhibited particle sizes less than 10 μm, as reported elsewhere. 22) All reagents were dried under the appropriate conditions 23) using an electric furnace (FUM312PA; Toyo Seisakusho Kaisha, Ltd., Japan).
X-ray Diffractometry Measurement
Equipment
Powder XRD was performed using a Rigaku RINT-2500 TTR-III diffractometer equipped with a graphite monochromator and a Cu rotary anode X-ray tube operated at a voltage of 50 kV and a current of 300 mA. Bragg-Brentano focusing geometry with a scintillation counter was used, and data for the Rietveld refinement were recorded in the 17°-76° 2θ range, with 2θ steps of 0.01°. X-ray intensity is one of the most important parameters for quantitative analysis by the Rietveld refinement. In this study, counting time was set to 3.0 s step − 1 for JSS851-2 and JSS851-5 and 4.0 s step − 1 for SO-1, in order to obtain adequate diffraction intensity. Sample powder was placed in a glass sample holder with a 20 mm × 20 mm × 0.5 mm of square space.
Each data was analyzed by the Rietveld refinement with the PDXL program (Rigaku Corp., Japan), using the structure parameters of the four minerals given in the following studies: hematite (α-Fe 2 O 3 , Sadykov et al. 24) ), magnetite (Fe 3 O 4 , Okudera et al. 25) ), silicoferrite of calcium and aluminum (SFCA) (Ca 2.8 Fe 8.7 Al 1.2 Si 0.8 O 20 , Hamilton et al. 26) ), dicalcium silicate (Ca 2 SiO 5 , Jost et al. 27) ), and eskolaite (Baster et al. 28) ).
Powder XRD/Rietveld Refinement
Each sintered ore sample was mixed with eskolaite powder (10.0 mass%), as an internal standard, using an agate mortar and pestle for 1 h. Diffraction patterns of the binary sintered ore-eskolaite mixtures were recorded and refined quantitatively by Rietveld refinement. The quantitations of the major components (hematite, magnetite, SFCA, dicalcium silicate, and amorphous phase) were calculated by the Rietveld refinement/internal standard method.
29)
Calibration Curve Method
The calibration mixtures for use in the internal standard method were prepared by mixing the standard hematite or magnetite powder as the analyte, calcite powder as the matrix (in different proportions), and eskolaite powder as the internal standard, which was added at exactly 10.0 mass%. Calibration curves were constructed by plotting I H (104)/I E (104) or I M (311)/I E (104) against the mass fraction of hematite or magnetite in the calibration mixtures, where I H (104) is the diffraction intensity of the hematite (104) peak, I E (104) is the diffraction intensity of the eskolaite (104) peak, and I M (311) is the diffraction intensity of the magnetite (311) peak.
Diffraction-absorption Method
The determination of hematite and magnetite using the diffraction-absorption method 30) was performed by measuring the X-ray intensities of the analytes in the samples and that of a standard chemical reagent. The X-ray intensities from hematite and magnetite were calculated from the sum of the diffraction intensities of the (012) and (110) peaks of hematite and the (111) and (220) peaks of magnetite, in order to avoid geometric variation of the diffraction intensity ratios by the preferred orientation effect. 31, 32) 
XRF Measurements
The fluorescent X-rays of the major elements in sintered ores (Mg, Al, Si, Ca, and Fe) were measured using a wavelength-dispersive XRF spectrometer (RIX 3100; Rigaku Corp., Japan) equipped with an end-window Rh X-ray tube operating at a tube voltage of 50 kV and a tube current of 80 mA. The detectors included a scintillation counter and a gas-flow proportional counter into which PR gas (90% Ar + 10% CH 4 ) was flowed at 50 cm 3 min
. A measurement chamber in the spectrometer was regulated at a vacuum of several Pascals to analyze the molded loose powder specimens. 22) The measurement diameter was 10 mm. Two collimators, arranged between a sample and a dispersive crystal, were used for the present measurements: a coarse collimator (450 μm slits) for Al, Si, Ca, and Fe, which is regular size, and a fine collimator (150 μm slits) for Mg to prevent overlap with Ca Kα (n = 3).
The fluorescent X-ray intensity of an analyte was obtained by subtracting the background intensity (as obtained by measuring at either side of the peak position) from the peak-top intensity. The counting times for the peak-top positions were 200 s for Mg, 80 s for Al and Si, 40 s for Ca, and 10 s for Fe. The counting times for each background position were equal to half the counting time for the peak-top position.
Molded loose powder 22) was prepared for the XRF analyses of sintered ore samples and calibration standard powders. 33, 34) A powdered sample (1.5 g) was placed into a sample holder with an acrylic disk (48 mm diameter × 5 mm height) with a hole (11 mm diameter) in the center. Then, both sides of the specimen were covered with a 3.6 μm polyester film (Mylar ® polyester film; Chemplex Industries, Inc., USA). These specimens were placed in a metallic cup holder with a 10 mm opening for XRF analysis.
Calibration curves for the XRF analyses were obtained from synthetic calibration standards at 13 compositions prepared by mixing five reagents (MgO, Al 2 O 3 , SiO 2 , CaCO 3 , and Fe 2 O 3 ). The method has been reported in detail elsewhere.
22) The standards were dried at 110°C for 24 h in a drying oven before preparing the molded loose powder specimens.
Multivariate Statistics
Cluster analysis, 35) a multivariate statistical technique, was performed using algorithms in the IBM ® SPSS ® software package (Version 24; International Business Machines Corp., USA). A tree clustering method, based on Ward's method and squared Euclidean distances, was applied in the analysis. In this cluster analysis, the Ward's method is a clustering algorithm that forms clusters with a minimized square sum in each cluster, and the Euclidean distance shows a straight line distance between any two points in n-dimensional space. Prior to the cluster analysis, data were standardized to avoid bias in the subsequent classification resulting from large differences. Standardization was performed such that each variable had a mean of 0 and a variance of 1.
Results and Discussion
Crystalline Phase Identification of Sintered Ore
Knowledge of the crystal structure parameters of the components in sintered ore is necessary for determination by XRD/Rietveld refinement. Therefore, the crystalline components present in the sintered ore must be identified exactly. Figure 1 shows the XRD patterns of the three sintered ores. The three patterns are almost the same, except for the full width at half maximum (FWHM) of the peaks and the individual peak intensities. The FWHMs are significantly different, particularly the FWHM of hematite (104) (2θ = 33.15), which has a wide range (from 0.0848° to 0.1152°). The peak intensities are also different in each sintered ore sample. On the basis of these results, the sintering conditions for the three samples may be different. However, it is difficult to consider the difference in detail because the sintering conditions depend on many factors, including basicity, 7, 8) reducing gas, 17, 36, 37) and impurities, 3, 8) which affect the quality of the sintered ore.
As the result of qualitative analysis, the diffraction patterns were identified as hematite, magnetite, SFCA, and dicalcium silicate. The SFCA is believed to be the most important, as it is the bonding phase in sintered ore, and is largely responsible for its physical properties. Three structure types for SFCA have been reported: a low-Fe form called SFCA, 26, 38) a high-Fe and low-Si form called SFCA-I, 39, 40) and SFCA-II. 41) According to these studies, SFCA and SFCA-I are present in industrial sintered ore. Meanwhile, the existence of SFCA-II has been not reported. SFCA and SFCA-I have the same triclinic system, and their diffraction patterns are very similar. Thus, we cannot distinguish SFCA and SFCA-I by this method. However, the diffraction patterns of the three sintered ores are more similar to SFCA than SFCA-I. Therefore, in this study, the crystal structure parameters of SFCA were used for the Rietveld refinement.
Magnetic Separation
The sintered ores are difficult to analyze qualitatively using XRD because of the complex diffraction pattern derived from the numerous crystalline phases present in the sample. Consequently, magnetic separation was performed using an isotropic ferrite magnet (10 mm width and height, 0.5 mm thickness) in order to remove the overlapping peaks, which may provide further identification of complex diffraction peaks (in particular, some types of SFCAs) as shown in Fig. 1 .
The ferrite magnet was wrapped in three pieces of aluminum foil to weaken the magnetism. Figure 2 shows the XRD patterns of the magnetically attracted sample and the residue for the SO-1 sample. The XRD results of the other sintered ore samples present similar diffraction patterns to those presented in Fig. 2 . The intensities of magnetite (220) and (311) in the magnetically attracted sample are larger than those in the residue. Additionally, the intensities of hematite (104) and (110) in the magnetic sample are lower than those in the residue. Thus, magnetite is separated from the sintered ore using magnetic separation. Conversely, SFCA is equally present in both the magnetically attracted sample and the residue. This indicates that SFCA, as the binding phase (see above), adheres to the other phases and may not be separated magnetically. Therefore, it is difficult to distinguish some kinds of SFCAs in the diffraction pattern.
Selection of the Internal Standard Material
An amorphous phase is always present in a sintered ore. Therefore, an internal standard material is required for the accurate determination of the crystalline compositions of sintered ores because an amorphous phase cannot be determined by the Rietveld refinement without using an internal standard. Nakamura et al. 42) Table 1 . The R factors are as follows: R wp (weighted profile R factor) is sum of the least squares of the residual between the observed and the calculated diffraction patterns. R e (expected R factor) is the minimum R wp expected statistically. S is goodness of fit ( = R wp /R e ). The closer S is to 1, the better the fit. The values of S are all less than 2.0, except for halite and pyrolusite, which exhibit a strong preferred orientation with the 100 plane and the 110 plane, respectively. The preferred orientation often affects the results of refinement. Therefore, it is desirable that the internal standard material should exhibit little or no preferred orientation.
We also used the crystalline composition, calculated from the Rietveld refinement, to select an appropriate internal standard for XRD analysis of the sintered ores. The selec- tion was conducted by cluster analysis, which can classify many data sets into groups according to their similarities. Cluster analysis of crystalline compositions clarified the distances between each analytical value set for the six samples, which were mixtures of hematite, magnetite, and one of the six internal standards, and a weighing values set that comprised 40 mass% hematite, 40 mass% magnetite, and 20 mass% of an internal standard. The crystalline compositions, shown in Table 1 , generated data comprising seven observations (six samples and one weighing values set), and each was characterized by three variables (concentration values). These concentration values were standardized by scaling the concentration of each element to a mean value of 0 and a unit variance to avoid misclassifications due to differences in the order of magnitude and range of variations of the analytical parameters. Then, cluster analysis was performed using the standardized concentration values, based on Ward's method and squared Euclidean distances. The resulting dendrogram, shown in Fig. 3 , reveals two large groups: one group containing the weighing values, and the other group without the set. Furthermore, the clusters divided by a short distance (rescaled distance cluster combine = 2) indicate that the analysis using eskolaite as the internal standard is similar to that of the weighing values set.
These results indicate that eskolaite is the most suitable internal standard material for the XRD analysis of sintered ore. Asahi et al. 20, 21) reported that the mass absorption coefficient of an internal standard should be close to that of the analyte. The mass absorption coefficient of eskolaite (177 cm 2 . Therefore, eskolaite may be expected to be the most suitable internal standard for powder XRD of the sintered ore.
Crystalline Phase Determination by Rietveld
Refinement The crystal structure parameters should be selected carefully because the choice of refined parameters influences the Rietveld result. Ohbuchi et al. 43) suggested that atomic coordinates and isotropic displacement parameters are not refined for quantitative analysis by Rietveld refinement. In fact, these parameters were not refined accurately, and as a result, the parameters diverged. Solid solution phases, such as calcium ferrite or calcium silicate, in sintered ores are difficult phases to determine accurately. In these materials, the site occupancies for each atom cannot be determined by XRD/Rietveld refinement, much like the atomic coordinates and isotropic displacement parameters. Thus, the backgrounds, peak shifts, lattice constants, and profile parameters were refined in this study, and other parameters (e.g., atomic coordinates) were fixed at initial values. [24] [25] [26] [27] [28] Additionally, Ohbuchi et al. 43) suggested that the order in which the parameters are refined is also an important factor. Rwp, weighted pattern reliability factor; Re, expected reliability factor; and S, goodness-of-fit index.
Fig. 3.
Clustering dendrogram calculated from standardized concentration values of hematite, magnetite, and an internal standard (corundum, eskolaite, halite, potassium bromide, pyrolusite, or quartz) obtained from the Rietveld refinement, using Ward's method and squared Euclidean distances. The data matrix has the dimensions 7 × 3:7 = number of samples (one of the seven is a weighing values set); 3 = number of the constituents. Names of the internal standard show the data set of analytical values using each standard.
In this study, we refined the four parameters in the following order: (1) background, (2) peak shift, (3) lattice constant, and (4) profile parameter. The Rietveld results are shown in Fig. 4 and Table 2 . Figure 4 shows the Rietveld fitting pattern for JSS 851-5. The other sintered ores presented similar fitting patterns. Table 2 describes the crystalline composition calculations and R factors for the three sintered ores. Each result is derived from the combination of an XRD measurement and a Rietveld refinement; however, the relative standard deviations (RSDs) from the measurements (n = 5) of the peak intensities for each crystalline phase are < 8%, and RSDs from the Rietveld refinements (n = 3) of a diffraction pattern (Fig. 4) are < 1%. According to the fitting patterns and the R factors, the observed diffraction patterns largely match the calculated patterns. Generally speaking, the ratio [44] [45] [46] of ingredients composing sintered ore is 40-70 mass% iron ores, 20-50 mass% ferrites (most of which are SFCA), < 10 mass% glasses, and < 10 mass% calcium silicates. The results (Table 2 ) of the XRD/Rietveld refinement are within these reported ranges.
Elemental Determination
Elemental determination of the sintered ores JSS 851-2, JSS 851-5, and SO-1 was used to validate the XRD/Rietveld refinement because only hematite and magnetite could be determined by the other quantitative XRD methods. The major elements (Mg, Al, Si, Ca, and Fe) in the sintered ores were quantified by XRF analysis using molded loose powders.
22)
For the five major elements (Mg, Al, Si, Ca, and Fe), JSS 851-2 and JSS 851-5 were assayed to validate the technique, and the analytical results for five major elements in the JISF standards are presented in Table 3 . The obtained results are in good agreement with the certified values. Furthermore, the precision of the present method was sufficient to determine the elements with small relative standard deviations (RSDs) of < 3%. Consequently, this technique is appropriate for the elemental determination of sintered ores.
Additionally, Mg, Al, Si, Ca, and Fe in the industrial sintered ore (SO-1) were determined using the molded loose powder XRF technique ( Table 3 ). The RSDs of the analytical results are usually < 5%. The XRF technique may be advantageous for the elemental analysis of sintered ore samples because liquefied samples are not required, and the measured samples can be easily recovered.
Validation of XRD/Rietveld Refinement
Two crystalline phase analyses, i.e., a calibration method and a diffraction-absorption method, were performed to validate the results of the Rietveld refinement. The calibration curves were plotted by measuring two types of synthetic calibration standards: (1) a mixture of hematite, calcite, and eskolaite and (2) magnetite, calcite, and eskolaite. In addi- The Rietveld results for the sintered ores are accurate according to these two validation methods. Consequently, powder XRD/Rietveld refinement with 10 mass% eskolaite as an internal standard may be used for crystalline and amorphous determination of sintered ore samples. The XRD/Rietveld refinement is simple and applicable to complex crystalline phases, unlike other XRD determination methods.
Conclusions
Powder XRD/Rietveld refinement was applied to the crystalline determination of two sintered ores (JSS 851-2 and JSS 851-5) and an industrial sintered ore (SO-1). The sintered ores comprised four crystalline phases (hematite, magnetite, SFCA, and dicalcium silicate) and amorphous components. An internal standard material was used to determine the amorphous phases. Eskolaite (Cr 2 O 3 ) has a mass absorption coefficient similar to that of the sintered ore samples and was selected as the internal standard material for sintered ores. Consequently, the specimens were prepared by mixing the sintered ores with 10 mass% eskolaite. The crystalline and elemental composition results of the present technique were validated by comparison with results from established techniques and reference values. The hematite and magnetite concentrations determined by the current method were in good agreement with those obtained using other XRD determination methods, i.e., the calibration curve method and the diffraction-absorption method. The elemental compositions calculated from the Rietveld results agreed very well with the reference values, indicating that the present method is suitable for the determination of crystalline and amorphous phases in sintered ore.
